[1] Error covariances and vertical resolutions are reported for Tropospheric Emission Spectrometer (TES) nadir-view retrievals of surface temperature, atmospheric temperature, H 2 O, O 3 , CO, and CH 4 . These error covariances are computed as a result of selecting spectral windows that maximize the information content of simulated, TES nadir-view atmospheric retrievals of four regions representative of northern midlatitude, southern midlatitude, tropical, and polar climates. The information content of a retrieval is a function of an a priori and an a posteriori covariance matrix where the a posteriori covariance depends on an estimated smoothing error, measurement error, and systematic errors from interfering species, surface emissivity, atmospheric and surface temperature, and line parameter uncertainties. For conditions representative of northern midlatitudes, we can expect about 3 degrees of freedom (DOF) for retrievals of H 2 O, 5 DOF for O 3 with about 2.4 DOF in the troposphere, and 0.8 DOF for CO. These measures for the vertical resolution and the predicted errors can be used to assess which atmospheric science questions can be addressed with TES atmospheric retrievals. Proper characterization of TES retrievals is also critical for applications such as atmospheric data assimilation and inverse modeling. 
Introduction
[2] The Tropospheric Emission Spectrometer [Beer et al., 2001] is one of four instruments on the EOS-Aura platform designed to study the Earth's ozone, air quality, and climate. The TES is an infrared Fourier transform spectrometer (FTS), which measures the spectral infrared (IR) radiances between 650 cm À1 and 3050 cm À1 in a limb-viewing and a nadir (downward looking) mode. The observed IR radiance is imaged onto an array of 16 detectors, which have a combined horizontal footprint of 5.3 km, by 8.4 km in the nadir viewing mode. In the nadir view, TES retrievals will be sensitive to the more abundant tropospheric species such as H 2 O, O 3 , CO and CH 4 . However, because vertical information about trace gas concentrations is obtained only from spectral variations along the line of sight, sufficient spectral resolution and signal-to-noise ratio are required to distinguish between stratospheric and tropospheric infrared signatures. TES spectral resolution was chosen to match the average pressure-broadened widths of weak infrared molecular transitions in the lower troposphere for nadir measurements (0.1 cm À1 apodized) [Beer et al., 2001] . This paper focuses on the selection of spectral windows to be used for TES nadir retrievals. A future manuscript will describe the spectral window selection for TES limb retrievals.
[3] Spectral windows are desired in order to optimize the quality of a retrieval in part by reducing the effects of known systematic errors on the retrieval as well as by choosing those spectral regions with the best sensitivity to the atmospheric species of interest. Spectral windows are also selected to reduce computational burden without significantly degrading the quality of a retrieval. Error characterization is a necessary part of the spectral window selection when the computed information content is used as the metric for window selection [Rodgers, 1998; Dudhia et al., 2002] . For example, von Clarmann and Echle [1998] and Echle et al. [2000] have used information content as a metric for selecting spectral windows, principally for the Michelson Interferometer for Passive Atmospheric Sounding (MIPAS) instrument. Similarly, Chédin et al. [2003] describes the selection of channels for the retrieval of CO 2 profiles by computing the infor-mation content over the Atmospheric InfraRed Sounder (AIRS) channels.
[4] Errors that are considered for the TES spectral window selection are (1) smoothing error that is due to the regularization of a retrieval, (2) measurement error that is due to data noise, (3) systematic errors that are due to uncertainties of surface and atmospheric temperature, retrieved and nonretrieved interfering species and errors due to spectroscopic line parameters, and (4) ''cross-state'' error that is due to retrieving surface emissivity jointly with the atmospheric parameters of interest. The effects of clouds on TES atmospheric retrievals are not considered in this paper as an error source. Therefore the error covariances reported in this paper are for cloud-free scenes. However, the TES retrieval algorithm will account for the effects of clouds that are uniform across the TES field-of-view by joint retrieval of cloud properties with retrieval of atmospheric trace gas concentrations and temperature. Calibration errors are also not considered because they are unknown at this time. As a result of the spectral window selection and estimation of TES errors we report the expected resolution, accuracy, and precision of TES nadir retrievals for surface and atmospheric temperature, H 2 O, O 3 , CO, and CH 4 for climatological conditions representative of tropical, polar, and middle latitudes. These a posteriori error covariances also show the altitude domains where these retrievals are sensitive to temperature and trace gas concentrations.
TES Noise Equivalent Spectral Radiance
[5] Calibration measurements of the TES have been recorded during thermal vacuum testing to characterize radiometric, spectral and spatial performance. Spectral resolution and the instrument line shape (ILS) were determined from both low-pressure gas cell measurements as well as monochromatic CO 2 laser measurements. Radiometric performance was evaluated using measured spectra of known external radiometric sources and by calibrating these spectra using the measured spectrum from the onboard radiometric source.
[6] The noise equivalent spectral radiance (NESR) is the standard deviation of radiance at each spectral point of a calibrated spectrum. The NESR is estimated using the uncalibrated noise level obtained for each target spectrum from the frequency range outside the optical filter band. The radiometric response function, which converts uncalibrated data numbers to radiance units (watts cm À2 sr
), is applied to the ''out-of-band'' noise to obtain the NESR estimate. This single spectrum estimate is verified using an independent calculation that relies on the availability of several spectra measured from the same source in order to provide a statistical sample radiance in order to determine the NESR.
[7] The estimated NESR from calibration measurements is also compared to the predicted NESR from a TES radiometric model. In the case of the TES thermal vacuum measurements, variable signal throughput was observed due to time-dependent parameters such as water ice buildup on the detectors. The radiometric model was adjusted to account for these factors when comparing measured and modeled NESR. Figure 1 shows the expected NESR for a clear-sky nadir view of a tropical atmosphere with a surface temperature around 300 K. The NESRs shown in Figure 1 are the standard deviation for the measurement error covariance that is used for the spectral window selection and retrieval characterization.
Estimation Theory
[8] A spectral window is selected if it increases the information content for a specified set of retrieval parameters (i.e., set of parameters to be inferred with the measurement). The information content depends on the a priori and the a posteriori covariances of the retrieved parameters. The a posteriori covariance depends on measurement error, systematic errors, and the choice of regularization used in the retrieval. In this section we describe the estimation theory and retrieval approach used for performing and characterizing the errors of TES atmospheric retrievals. We then describe how the information content of a retrieval is computed for a selected spectral window.
[9] Measured radiances can be related to a forward model through the following additive noise model:
where y 2 R M is the observation vector containing the calibrated, measured spectra. The observation vector is the sum of the nonlinear forward model operator, F: R N ! R M , which simulates the radiance produced from the terrestrial surface and atmosphere and observed by the spacecraft. The noise term n 2 R M is assumed to be zero-mean, white Gaussian noise so that:
where E[ . ] is the expectation operator [Papoulis, 1984] , s is the NESR, and I is the identity matrix. The forward model 
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is a function of the ''full'' state vector, x 2 R N where x can, for example, be the distribution of atmospheric gas, atmospheric temperature, surface temperature, or surface emissivity. The vector b contains all the other parameters, trace gases, atmospheric temperature distribution, geometry of the measurement, etc., necessary to define the radiance for the TES sensors; these parameters are fixed for any given retrieval.
[10] Operationally, the TES radiances are apodized to reduce systematic errors from the instrument line shape and also reduce computational burden. Apodization introduces correlations between radiance points; however, for simplicity we do not include these correlations in the measurement error covariance described by equation (2).
[11] Fine discretization of the atmosphere is required to model accurately the radiative transfer through the atmosphere. The atmospheric grid used by the TES forward model algorithm contains 87 pressure levels between 1211.53 hPa and 0.1 hPa. However, variations in temperature or trace gas concentrations cannot typically be resolved on this fine vertical grid and therefore the retrieval must be regularized. Regularization of the retrieval includes defining a retrieval vector that limits the possible values of the full state vector. For this study, the retrieval vector and the full state vector are related by a linear mapping:
where z is the retrieval vector and M is a mapping matrix. The mapping matrix may also be interpreted as
The mapping matrix represents a ''hard constraint'' because the estimate cannot take on values outside the range space of M [Rodgers, 2000; Bowman et al., 2002] . Note, maps that have correlations between different types of retrieval parameters are not generated. For example, if the retrieval vector contains both atmospheric water and temperature (or other gas), then the relationship between the full-state vector and retrieval vector is
where M H2O and M TATM are the maps for water and temperature, respectively. The elements of water state vector are defined as [x H 2 O] i = ln q(P i ) where q is the volume mixing ratio of a P i pressure scale.
[12] TES operational retrievals will be reported on the fullstate pressure grid and therefore the error analysis described in subsequent sections explicitly accounts for mapping between the retrieval levels and this full-state grid. However, for numerical reasons associated with computing the determinant of large matrices, we actually compute the covariance matrices used for the spectral window selection on the retrieval grid. This approximation for computing the error covariances is reasonable if the set of retrieval parameters sufficiently describes the vertical variations of the profile.
Linear Retrieval
[13] A retrieval can be described by the minimization of the following maximum a posteriori cost function [Tarantola, 1987; Rodgers, 2000] :
where z c is a constraint vector, + is a constraint matrix, and S n is the error covariance matrix defined in equation (2). This cost function is optimal when the state vector and measurement error are multivariate normal distributions. The constraint vector and matrix are referred to as ''soft'' constraints because they provide a priori information about the solution space (e.g., smoothness of the profile or statistical distribution of the state vector), without restricting that solution space for the estimate. The nonlinear retrieval is performed through iterative minimization of the observed radiances with the forward model calculation evaluated at successive estimates of the retrieval vector.
[14] If the estimate is ''close'' to the true state, then its dependence on the choice of constraint vector, constraint matrix, and true state can be described by the linear retrieval [Rodgers, 2000] :
where M is the mapping matrix, n is the noise vector, x is the true full state vector, and x c = Mz c is the a priori state vector. The vector b is the true state for those parameters that also affect the modeled radiance, e.g., concentrations of interfering gases, calibration, etc. The vector b a is the corresponding a priori values for the vector b. The Jacobian, K b = @F @b , describes the dependency of the forward model radiance, F, on the vector b. G z is the gain matrix which is defined by
The retrieval Jacobian, K z , is defined by
Equation (7) is a valid approximation to equation (6) when the estimate is close to the true state, that is,
The averaging kernel matrix or resolution matrix, A xx = @x @x is the sensitivity of the retrieval to the true state of the atmosphere and is computed by the following equation:
The averaging kernel matrix is used to define the ''resolution'' of the retrieval. The vertical resolution of an atmospheric retrieval, defined on a pressure (or altitude grid), can be derived from the rows of the averaging kernel matrix, @x i /@x, which define the relative contribution of each element of the true state to the estimate at a particular pressure (or altitude). The resolution can be defined as the full width half maximum of the rows of the averaging kernel.
[15] The averaging kernel matrix is also used to compute the DOF for signal of the retrieval [Rodgers, 2000] , which is defined as
The degrees of freedom for signal of the retrieval may be interpreted as the number of statistically independent elements of the estimate.
Error Analysis and Information Content
[16] The error in the estimate is the true state minus the estimate:x
Substituting equation (7) into equation (13) leads tõ
The right-hand side of this equation is composed of three terms. The first term results from applying constraints to the estimate of retrieval parameter on a specific grid. These constraints can be a combination of ''hard'' constraints (e.g., representing the profile on a coarse pressure grid) or ''soft'' constraints (e.g., adding a quadratic penalty function to equation (8)) in order to ensure an acceptable regularization. This first term is the so-called ''smoothing'' error [Rodgers, 2000] . Physically, the smoothing error describes the uncertainty due to unresolved fine structure. The second term (measurement error) transforms the random instrument spectral error to an error on the full state vector. The third term transforms errors from forward model parameters to an error on the full state vector, for brevity we describe these terms as systematic errors, although some of the errors such as temperature and water can change with each retrieval.
[17] The mean of the error vector defined on the full-state grid (i.e., the grid chosen for the full-state vector) is
. Equation (15) is also the mean of the smoothing error and hence represents the bias introduced by the constraint vector and constraint matrix. In the case where the constraint vector is equal to the mean of the ''true'' state, then the estimate is unbiased. We have assumed a zero-mean measurement noise vector and systematic error for equation (14). The total error covariance matrix after a measurement has been performed is
where
T ], and
The smoothing error covariance matrix is composed of the averaging kernel and the covariance of the state vector. Hence the smoothing error will decrease as the resolution of the retrieval increases, i.e., the averaging kernel will approximate the identity matrix.
Cross-State Error
[18] The surface emissivity strongly affects the nadirviewed radiances; consequently, uncertainties in the surface emissivity degrade the accuracy of TES nadir atmospheric retrievals. There are two approaches we could use to reduce the effect of surface emissivity uncertainties on TES retrievals: (1) retrieve surface emissivity separately and characterize the emissivity error as a systematic error in the retrieval error covariance calculation shown in equation (16) or (2) retrieve surface emissivity jointly with the other atmospheric parameters. We find that retrieving surface emissivity separately introduces unacceptable systematic error into TES atmospheric retrievals. We therefore retrieve emissivity jointly with the atmospheric parameters but compute the information content only over the atmospheric parameters of interest. Retrieving emissivity jointly with the atmospheric parameters of interest has the following effect on the estimate of the atmospheric parameters (noise and systematic error terms are not shown for brevity):
where the matrix A refers to the full averaging kernel for the joint retrieval, the vector ''x'' refers to the atmospheric parameters of interest, and the vector ''e'' refers to the set of emissivity parameters. Therefore A xx refers to the submatrix of A that is associated with the vector x, and A xe refers to the submatrix of A that relates the sensitivity of the vector x to the vector of emissivities. The a posteriori error covariance (now including noise and systematic errors) for the estimate ofx is
where S a refers to the a priori covariance for the atmospheric parameters of interest (i.e., the vector x) and S a ee is the a priori covariance for emissivity. The gain matrix and Jacobians in equation (18) do not include the emissivity parameters. The first term in this equation is the smoothing error; the second term is what we have defined as the ''cross-state'' error because it is the error of the estimate for the parameters of interest (e.g., the atmospheric parameters) due to jointly retrieving with an additional set of parameters (e.g., emissivity). We note that the covariance, Sx, in equation (18) for the vector x is equivalent to the submatrix of the total error covariance for the joint retrieval which corresponds to the atmospheric parameters.
Information Content
[19] A measure of the performance of the retrieval is the ''information content'' [Rodgers, 2000] , which is defined as
where j j is the determinant operator. The determinant of the total error covariance matrix defines the total error volume for the covariance. Therefore the information content describes the decrease in error volume relative to the error volume calculated from the a priori covariance matrix of the atmospheric state. The unit of information content in equation (19) is bits. The information content increases by one bit for every factor of 2 decrease in error volume relative to the volume of uncertainty of the atmospheric state.
Spectral Windows Selection Approach
[20] Spectral windows are chosen to be the same for all nadir observations in order to ensure that biases from line parameters associated with using scene-dependent spectral windows are not introduced into TES retrievals. Consequently, we select a set of spectral windows that maximize the combined information content of four regions representative of different climatological conditions: northern midlatitude, southern midlatitude, tropical, and polar. A priori covariances are generated for each region using the Model for Ozone and Related Chemical Tracers (MOZART) [Brasseur et al., 1998 ]. Spectral windows that increase the total information content of the sum all four regions are then selected,
where the index, i, indicates one of the four regions.
[21] Spectral windows are also chosen to reflect a particular retrieval sequence. Surface temperature, atmospheric temperature, and water vapor affect the atmospheric equation of state and consequently the retrieval of all atmospheric species observed by TES. Therefore spectral windows that maximize the information content of a joint retrieval of these parameters are selected first. The joint a posteriori error covariance of surface temperature, atmospheric temperature, and water is propagated as a systematic error for selecting spectral windows for ozone, methane, and carbon monoxide. Note that the full joint error covariance, with cross correlations between temperature and water terms, is propagated as a systematic error. Ignoring the cross correlations can increase the error volume (or decrease the information content) of this joint retrieval and hence can significantly affect the spectral window selection for retrievals of trace gas concentrations. Spectral windows for ozone were selected next with the resulting error covariance used as a systematic error in the spectral window selection for methane and carbon monoxide.
[22] The procedure used for selecting for TES nadir spectral windows is the following:
[23] 1. Calculate information content for a small window that is scanned across the spectral range of the appropriate TES filter. Our window size for scanning was chosen to be (an ad hoc) four spectral points (0.24 cm À1 ).
[24] 2. Select window with the largest information content and expand window by four points on alternate sides. The expanded windows are evaluated using a sequential update approach [e.g., Rodgers, 2000; Dudhia et al., 2002] in order to reduce computation time. If the a posteriori error from the expanded window results in positive information content then the window is selected and again expanded. This process is repeated until the a posteriori error decreases the information content. If the spectral window expansion decreases the information content the new addition is ignored, the spectral range of the window is recorded, and the a priori covariance is replaced by the a posteriori covariance in order to evaluate the next window.
[25] 3. Steps 1 and 2 are repeated until either a desired number of unique windows are found or there is no positive increase in information content left in the spectral regions remaining across the filter.
[26] We applied additional selection criteria and modifications to the selected spectral windows after the automated process described by steps 1 through 3 in order to reduce the computation burden of a retrieval and ensure that each window contributes positively with the final ensemble of windows. For example, after all the spectral windows are selected they are sorted by information content. Windows that contributed only a small amount of information content were discarded. It is also possible that some windows contribute positive information content against the original a priori covariance but negative information content against an updated a priori covariance. Therefore we sometimes found windows that showed negative information content after this final sorting process; these windows were also discarded. Windows that were spectrally ''close,'' that is, within the spectral half width of the instrument line shape, were combined if the incurred negative change in information content was minimal.
Spectral-Window Selection for Surface
Temperature, Atmospheric Temperature, and H 2 O
[27] Spectral windows for the retrieval of surface temperature, atmospheric temperature, and water vapor are selected using spectral sensitivities calculated within the band passes of the TES 2B1 (650 cm À1 -900 cm
À1
) and 2A1 (1100 cm À1 -1320 cm
) filters. The 2B1 spectral band pass encompasses the 15 mm CO 2 band as well as a ''window'' region near 900 cm À1 where there is little atmospheric absorption. The spectral band pass of the 2A1 filter includes several water absorption lines, the 7.8 mm CH 4 band, and several window regions with little atmospheric absorption.
[28] A priori covariances for temperature and H 2 O are constructed by first generating a climatological covariance using one day from a run of the MOZART model [Brasseur et al., 1998 ]. However, the climatological variances are larger than the expected uncertainty from predictions of atmospheric temperature and water vapor from the National Center for Environmental Prediction (NCEP) (e.g., see http://wwwt.ncep.noaa.gov/), which will be used as a priori for TES retrievals. Because we were only able to obtain standard deviations of uncertainties at coarse pressure resolution from NCEP, we chose to scale MOZART climatologies to the NCEP standard deviations.
[29] We choose the constraint matrix to be the inverse of the a priori covariance. The a priori covariance for emissivity assumes a standard deviation of 0.1 with no correlations between emissivity parameters. This standard deviation is based upon examining land surface emissivity D09308
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variability from the ASTER [Yamaguchi et al., 1998 ] database for this spectral region. The covariance for the measurement noise is diagonal and is the inverse square of the NESR discussed in section 2.
[30] Jacobians are computed analytically for both the retrieved parameters and interferents using the TES forward model algorithm [e.g., Clough and Iacono, 1995; Clough et al., 2004; Worden et al., 2004] , which is based on the Line By Line Radiative Transfer Model (LBLRTM) [e.g., Clough and Iacono, 1995; Clough et al., 2004] . Trace gas interferents for the 2B1 filter are assumed to be O 3 and H 2 O. Trace gas interferents assumed for the 2A1 filter are N 2 O, CH 4 , O 3 , and the water isotope HDO. Covariances for these trace gases are generated using MOZART. Line parameter errors are also included for these retrieved and interfering trace gases (Appendix A).
[31] The strategy for performing a retrieval of surface temperature, atmospheric temperature, and water is (1) perform an initial retrieval of surface temperature and atmospheric temperature using only the 2B1 filter and (2) perform a retrieval of surface temperature, atmospheric temperature, and water using the updated surface temperature and atmospheric temperature from step 1 and radiances from both the 2B1 and 2A1 filters. This strategy is utilized to reduce the possibility that a retrieval will jump into a local minimum that is nonphysical. Our spectral window selection also follows this strategy; that is, spectral windows are first selected for a retrieval of surface and atmospheric temperature using the 2B1 filter. Spectral windows are then selected for a joint retrieval of surface temperature, atmospheric temperature, and H 2 O using only the 2A1 filter. Note that the a posteriori covariance from the 2B1 filter spectral window selection is used as part of the a priori covariance for the 2A1 spectral window selection.
[32] Figures 2a and 2b show the information content across the TES 2B1 filter used to start the spectral window selections for the atmospheric and surface temperature retrievals. Figure 2a shows that for the first pass across the 2B1 filter, the information content peaks in the ''window'' spectral region where there is little atmospheric absorption. Consequently, the first spectral window will reduce the uncertainty associated with surface temperature. Figure 2b shows the information content across the 2B1 filter after the first window is chosen. The information content now peaks in the CO 2 band; selection of spectral windows in the CO 2 band primarily reduces the a priori error associated with atmospheric temperature.
[33] The top panels of Figure 3a and Figure 3b shows the computed radiance for the TES 2B1 and 2A1 filters for the northern midlatitude profile. The selected spectral windows for the retrieval of atmospheric and surface temperature and H 2 O are shown overlying the radiances in the top panels of Figures 3a and 3b , respectively. The middle and bottom panels of Figures 3a and 3b show the estimated radiance error from the interferents and line parameter errors, respectively; the radiance error is computed with the following equation:
where dL n is the radiance error, the index n refers to the frequency index, K b is the Jacobian for systematic error b, and S b is the error covariance matrix. The species that contributes the most to the estimated radiance error at each spectral point is also shown. For comparison, the NESR for each filter is shown as a dotted line in the middle panel. The bottom panel of Figures 3a and 3b shows the radiance error estimated from the line parameter uncertainties in these spectral regions (Appendix A). The estimated radiance errors indicate spectral regions that are likely to be selected. For example, the spectral windows shown for the 2A1 filter occur where the radiance errors from interferents and line parameters are smaller than those of adjacent spectral regions.
[34] Figures 4a and 4b show error estimates for the retrieval of the northern midlatitude profile of surface temperature, atmospheric temperature, and H 2 O, using the final set of spectral windows. For Figures 4a and 4b , the square root of the diagonal values of the a priori covariance are shown as the solid black line with plus and minus values about zero. The diamonds indicate retrieval levels. The square root of the diagonal of the a posteriori error covariance for a retrieval using the selected spectral windows is shown as a dashed line. The dominant error is typically smoothing error. As discussed earlier, smoothing error describes the extent that the retrieval infers fine structure on the reported altitude grid. Consequently, the smoothing error is reduced if the vertical resolution increases. In addition to showing the reduction in error for atmospheric and surface temperature and H 2 O, Figures 4a and 4b also indicate the altitude range where the retrieval is most sensitive. For example, the retrieval is sensitive to H 2 O concentrations below about 11 km in the northern midlatitude profile and is sensitive to atmospheric temperature from the stratosphere down to the surface.
[35] Tables 1 and 2 show estimated vertical resolutions for specific altitude ranges for the four atmospheric profiles used in the spectral window selection. Average vertical resolutions are computed for the indicated pressure range shown in each table. The vertical resolution at some pressure is computed from the full width at half maximum (FWHM) of the corresponding row of the averaging kernel matrix as discussed in section 3.1. Tables 1 and 2 also show the degrees of freedom (equation (12)) and the reduction in error, as indicated by the number of bits (equation (19)), for the four profiles. In general, arctic regions have fewer degrees of freedom and reduction in uncertainty from the a priori because of the greatly reduced surface temperature and water content as compared to the other regions.
Spectral Window Selection for O 3
[36] Spectral windows are selected for ozone retrievals using spectral sensitivities calculated within the band pass of the TES 1B2 filter. This filter spans the spectral range between 950 cm À1 and 1150 cm
À1
, which encompasses the 9.6 mm ozone band. The NESR for the TES 1B2 filter is shown in Figure 1 . The climatological covariance for ozone is constructed from the MOZART model, however, this covariance is adjusted to remove correlations between the troposphere and upper stratosphere that are likely unphysical. Systematic errors used for the spectral window selec- tion include (1) estimated errors for spectroscopic parameters of CO 2 , O 3 , and H 2 O and (2) the total error covariance from the surface temperature, atmospheric temperature, and H 2 O retrieval discussed in section 4. As previously discussed, emissivity is jointly retrieved with ozone in the spectral window selection process; as with the previous retrieval, the a priori error covariance for the emissivity is assumed to be a diagonal with a standard deviation of 0.1.
[37] The selected spectral windows for the retrieval of ozone are shown in the top panel of Figure 5 . The top panel of Figure 5 shows the computed radiance for the TES 1B2 filter for the northern midlatitude profile. The spectral windows are shown overlying the radiances. The second and third panels show the estimated radiance error from the temperature and water uncertainties as well as line parameter errors. The radiance error was computed using equation (21).
[38] Figure 6 shows the expected error budget for the retrieval of the northern midlatitude profile of ozone using the selected spectral windows. As with Figure 4 , the square root of the diagonal values of the a priori covariance are shown as the solid black line with plus and minus values about zero. The diamonds indicate retrieval levels. The square root of the diagonal of the a posteriori error covariance for a retrieval using the selected spectral windows is shown as a dashed line. Table 3 shows estimated vertical resolutions, total number of bits, and degrees of freedom for the four regions used in the spectral window selection. In general, there are about 5 degrees of freedom for the ozone retrieval with about 2.4 degrees of freedom associated with the troposphere.
[39] A study by Bowman et al. [2002] also shows that TES ozone retrievals will have about 2 degrees of freedom in the troposphere and that this resolution is sufficient for inferring daily variations of lower and upper tropospheric The first three rows show the average vertical resolution for the indicated pressures. The total DOF refers to the total degrees of freedom, which is the trace of the averaging kernel. The total number of bits indicates the reduction in error volume for the retrieval. integrated ozone amounts. The Bowman et al.
[2002] study shows larger sensitivity of TES ozone retrievals to boundary layer ozone concentrations; this increased sensitivity (as compared to the results reported in this manuscript) results from a more optimistic NESR and a greater thermal contrast between the surface and boundary layer temperatures.
CO
[40] Spectral windows are selected for atmospheric carbon monoxide retrievals using spectral sensitivities calculated within the band pass of the TES 1A1 (1890 cm À1 -2260 cm
À1
) filter. This spectral domain includes 4.7 mm CO band. A priori climatologies for carbon monoxide are generated using MOZART. Systematic errors include the total error covariance from the surface temperature, atmospheric temperature, H 2 O and O 3 retrievals discussed in section 4 as well as errors from nonretrieved species such as CH 4 , OCS, and N 2 O. (Note that CH 4 is retrieved after CO.) CO line parameter uncertainties were not included as systematic errors as it was decided that line parameter uncertainties in this spectral domain were small enough to ignore.
[41] The top panel of Figure 7 shows the computed radiance for the TES 1A1 filter for the northern midlatitude profile. The selected spectral windows for the retrieval of CO are shown overlying the radiance in the top panel of Figure 7 . The middle and bottom panels show the estimated radiance error from the uncertainties in surface temperature, atmospheric temperature, water vapor and other interferents, respectively.
[42] Figure 8 shows the northern midlatitude profile error estimates for the retrieval of carbon monoxide. The retrieval is sensitive to CO concentrations between about 5 km and 15 km. Table 4 shows the total number of bits and DOF for the retrieval of the four atmospheric profiles used for the spectral window selection. There is about 1 degree of freedom for each retrieved profile. Vertical resolutions are not included in Table 4 because there were not enough degrees of freedom to characterize vertical resolutions over several altitude regions.
CH 4
[43] Spectral windows are selected for methane retrievals using spectral sensitivities calculated within the band pass of the TES 2A1 (1100 cm À1 and 1320 cm The first three columns show the average vertical resolution for the indicated pressures. The total DOF refers to the total degrees of freedom, which is the trace of the averaging kernel. The total number of bits indicates the reduction in error volume for the retrieval.
climatologies for methane are generated using MOZART. Systematic errors used by the spectral window selection only include the total error covariance from the surface temperature, atmospheric temperature, and H 2 O retrieval discussed in section 4.
Challenges With Selecting Methane Spectral Windows
[44] A challenging aspect in selecting spectral windows for the TES methane retrievals is that the a priori covariances show little variability in the troposphere; consequently, it is unlikely that TES can reduce the uncertainty associated with tropospheric methane unless there are regions that contain methane amounts that are outside climatological values. Furthermore, no spectral windows are selected when line parameter errors are included with the total estimated error because the computed information content is negative or zero for every spectral point. If line parameter uncertainties are not included as a systematic error, it is found that a single line between 1305.12 cm À1 and 1306.18 cm À1 contains the most information content and other selected lines contain negligible information content; this is a result of the small variability seen in the tropospheric methane climatologies and because the line with the most information content is sensitive to methane in the upper troposphere and stratosphere where methane is expected to have larger climatological variances.
[45] The spectral line with the most information content is part of the Q branch. It was therefore decided to only use the Q branch at 1306 cm À1 for the retrieval of methane in order to remove the effects of different systematic biases on the methane retrieval as a result of using lines from the multiple methane branches. Biases associated with the Q branch line can be reduced by comparison of TES retrievals with other measurements. However, it is also thought that unquantified line mixing can affect the radiative absorption for this line [Brown et al., 2003] . It therefore may be necessary to reexamine the TES spectral windows for methane retrievals after TES begins operation.
Results
[46] Figure 9 shows the northern midlatitude profile error estimates for the retrieval of methane. Table 5 shows the total number of bits and DOF for the four retrieved atmospheric profiles. In general, these retrievals are sensitive to methane concentrations in the upper troposphere and lower stratosphere. There is typically less than 1 degree of freedom and one bit of information content for each retrieval.
Summary and Discussion
[47] Spectral windows are defined for Tropospheric Emission Spectrometer (TES) nadir retrievals of surface temperature, atmospheric temperature, H 2 O, O 3 , CO, and CH 4 . In order to ensure that spectral windows are robust over a variety of climatological conditions, spectral windows are selected which maximize the combined information content for retrievals of four regions representative of northern midlatitude, southern midlatitude, tropical, and polar climates. Errors that are considered for the spectral window selection included smoothing error, measurement error, uncertainties with atmospheric temperature and interfering species, and line parameter uncertainties. A cross state error which is due to retrieving emissivity jointly with the atmospheric parameters of interest is also included in the error budget.
[48] The averaging kernels and error covariances from this spectral window selection are used to predict the estimated vertical resolution, information content, accuracy, and precision for the troposphere and lower stratosphere for the four profiles used in the spectral window selection. These metrics for the TES nadir retrievals can be used to assess which atmospheric related questions can be addressed by TES data.
[49] The proper characterization of TES atmospheric retrievals is also critical for applications such as data assimilation and inverse modeling. For example, a study by Jones et al. [2003] compared CO fields from the GEOS-CHEM model to simulated TES retrievals. The TES averaging kernel matrix and constraint vector were applied to the GEOS-CHEM profiles in order to compare these two sets of CO profiles. This method of comparison accounts for the biases and smoothing from TES retrievals. Jones et al. [2003] found that the TES CO retrievals, as characterized in this paper, have enough vertical resolution and accuracy to estimate at least nine globally distributed carbon monoxide sources, which are associated with geopolitical boundaries.
Appendix A: Spectral Line Parameter Uncertainties
[50] The accuracy of the TES atmospheric forward model spectral radiances depends on spectral line parameter uncertainties. Line parameter uncertainties are estimated using the HITRAN [Rothman et al., 1992] database as a guide but also based upon prior comparisons between measured and modeled IR radiances and experience with spectral line measurements. Line parameter uncertainties are primarily dependent on the strength of the line because the line strength determines whether the line parameters are directly measured, or calculated using a physical or statistical model. These uncertainties are mapped to the covariance of retrieved parameters in the following manner:
[51] 1. Estimated uncertainties are computed for the spectroscopic parameters of a species; refer to Table A1 for an example of estimated of H 2 O uncertainties.
[52] 2. A reference radiance spectrum is computed.
[53] 3. A line parameter (i.e., a spectral strength, width, or shift) is adjusted for the species for the spectral region of interest by the estimated uncertainty and a new radiance spectrum is computed. The difference between this new radiance and the reference radiance is the estimated radiance error for this spectral line parameter (e.g., Figure A1 ). Note, that it is computationally intractable at this time to adjust the spectral strength, width, and shifts of individual lines.
[54] 4. Spectral radiance errors are mapped to the covariance of the retrieved parameters using equation (16) except that the columns of the Jacobians are these calculated radiance errors and the covariance; S b is a matrix in which the diagonal entries have a value of 1. We use this approach for mapping spectral line parameter uncertainties into the retrieved parameter covariances in order to account for correlations between the line parameter uncertainties.
[55] Spectral radiance errors have been computed for four representative atmospheres (northern midlatitude, southern Figure 9 . Estimated errors for northern midlatitude CH 4 retrieval. Only a single spectral window between 1305.12 cm À1 and 1306.18 cm À1 is used for this retrieval. midlatitude, polar, and tropics) and used in the spectral window selection for all the retrieved TES species and primary interferents (e.g., N 2 O). Table A1 shows an example of the H 2 O line parameter errors for the TES 2A1 filter spectral region. 
